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Abstract

Measurements of Mars’ rotational variations can be conducted via Farth-based radio tracking
observations of the Mars Pathfinder lander during an extended mission. T'wo-way range
mecasurements between an Karth antenna and the lander will enable precise monitoring of the
planct’s orientation and length-of-day variations, allowing details of Mars’ internal structure and
global surface/ atmosphere interactions to be determined with precision for the fivst time. An
analysis has been performed to investigate the accuracy with which key physical parameters of
Mars can be determined using the Karth-based radio tracking measurements. Acquisition of such
measurements over one Martian year should enable determination of Mars’ polar moment of
inertia to 1% or better, providing a strong constraint on radial density profiles (and hence on the
iron content. of the core and mantie) and on long-term variations of the obliquity and climate of
Mars. Variations in Mars length of day and polar motion should also be detectable, and will
yield information on the scasonal cycling of C'O, between the atmosphere and the smface.



Introduction

Mars Pathfinder will havean X-band (8 GH z) ra-
dio system for divect-to-bsarih conmuunications and
for1™geand 12001 lop INCASWCIMC g A hrogram of
precise Fgeand 1 Yoppler observalio oy provide
determinations of” the changing orbits of Farth and
Mars and of the rotation of Mars which will comple-
Mient the Viking Jander ™ ge observations obtained
in 1977-1982 [Siandishelal., 1995; Yoder and Stan -
dish, 19Witllis issug]. Of particular interest is the
Martian rotational informnation:sccular precession of
the Jongitude of the node, short period nutation of
the obliquity and node, scasonal and tidal variations
in the divmal, axial rotation (i.c. UT0) of Mais and
Chandler-like wobble of Mars figure axis relative to
t he spin axis. These scasonal variations in UT0 and
polar yotion are primarily driven by the waxing and
waning, COy caps whose @ anges can be monitored
by the swrface air pressure van iations [Cazengue and
13a bingn 0, 1980; Chao and Rubincam, 1 992]. SLY-
s0] 1al variations of U110 have alrcady been detected
[Reasenbery et al ., 1979a; Yoder and Standish, 1 996],
although their prec ision 1S not YEt great cnougli to
ptovide A nsefnl constraint for climate SV dies. We
helieve VatHfinder-Ge o vined Uro will provide this
important n(w data set if the lander lasts more than
one-half 01”7 aMartian ycar.

Of even greater geophysical significance is the ex-
pectation that a few months of Pathfinder ranging,
data Will determine the mean $Patial orientation of
the pole of” rotation of Mars to within ().5”. I,
6 years of Mars ranging obtained by Viking landers
also constrains the % pole at the midpoint of that
experiment toabout 0.5”. The pole p1 ecession of
about 7.78" /yr was determined 1o 5% by the Viking
lander data [ Yoder and Standish, 199G ) pre-
cession is driver 1 by the gi avitational toraue of the
sun acting on Mars oblateness and 1S proporti ) )
to (C (1 12,4 -1 13))/C where C > B > A arc
principal moments of Mert ja - Tracking data of the
Pathfinder lander, when combined with the Viking
lanider data acquired 24 years earlier, shouldresolve
the pr ecession rate Lo better than 1 % if the mission
lasts over one-half of a Martian year. Since the factor
(1% (A-1 13)- JoMR? is alrcady known to high accu-
vacy [Smith et (Il., 1993; Konopliv and Sjogren, 1 995)
f1 0111 detection of Mars gravity ficld using Viking or-
biter aud other tracking data, this improved estimate
of” the ™%y pyrecession will constrain the polaimo
ment of inertia C.

N

Accurate mcasurement of the polar inoment of in-
ertia will p1 ovide significant information about the
composit ion and int ernal struct w ¢ of Mars [Bills,
1990: Yoder and Standish, 19{16]. Figure 3in Yo-
der and Standishillustrates the sensitivity of moment
to both mantle composition, mantle temperature and
core Size. T'he himportant point to note is that con-
st aining the core moment. Will drastically liniit. the
rarige of plausible interior structural models. The
Viking W hate for the precession constrains the pole
monient to 0.3574 0.16. This provocative estimatelics
between the uppa bound 0.365 deduced by Reasen-
berg 1 977] and Kaula et al. [1989] from the effect of
t he Thar §is bulge and the value of 0.345 derived by
Bills {1989) based on a statistical arguwinent.

The polarmoment of inertia is also a key paramn-
cterfor understanding the past climate of Mars 011 a
time scale of a few million years. 1he gravitational
pull by Jupiter and the other planets slowly change
the orbital plane of Mars and, over millions of years,
canses the obliquity to change 1N Of degrees. This
changealter s the mean solar insolation at the poles
[ sy afactor of 1o, 1'he exact history of Ma s oblig-
uity is very sensitive to the polar moment of inertia
[Ward, 1973; 1 974; Toon el al., 1980; Laskar, 1 988;
Ward and Rudy, 1 991; 1oumaand Wisdom , 1993].
Bven a 1 % difference in the Polar jyoment. of inertia
cartleadt () aten degree difference i nknowledge of thie
obliquity as indicated in Fig. 1 fI’oil) Ward and Rudy
[199171. Large uncertaintics in the obliquity history
lead tolarge uncertainties in insolation and thus in
past glohal climate.  Hence,accurate determinat jon
of the p1 ecession constant wWill irnprove knowledge of
the Martian climate over the last few million years.

Data collected by the Viking landers show a sca-
sonal variation in atmospheric P yessure of 20% | Ryan
el al., 1978; Hess ¢t al., 1980, Tillman et (1. 11993]-
"T'his variation is thought to be due to condensation of
carbon dioxide at the poles in winter and evaporation
in summer. The @ange in the ainount. of condensed
¢ rbon dioxide results in a ¢hange i the moment of
inertin.  Cazenove and Balmino [19811 predict sea-
sonal A o eq i the rotation rate in YOSPOM ge 4o the
moment of inertia change, with an amplitude corre-
sponding 1o a change in rotation” of about 300 mas
(mi]]im'(:soc(nnd), corresponding to a displacemnent of
9 mat thie equator. However, the use of pressu emea-
surcments from only two sites on the planct could lead
to significant errors in the prediction of the global ex-
chiange of carbon dioxide, perhaps as large as 50%.
This annual signature is obser ved in the Viking data



al t hough no attempt has been mad ¢ to yemove a
possible polar iotion contribution. our preliminary
ana¥ysis indic ates that the more accurate Pathfinder
radio system will cuable thie mecasurement of thie ro-
t ation variation with an accuracy of about < 40 mas
provided that the mission survives more {han one-half
of aMartian year. These data, when combined with
local pressure observations by the lander, will allow a
1) '112( 1 modelfor the global CO4 cycle.

In addition to the above investigations of Marg’
rotat ional variations with their implications for bet-
ter understanding of the past Mars climate, carbon
dioxide cycle, and naaritle composition, radio track-
ing of” thelander provides the opportunity to monitor
the o1 bital dynamics of Mars. Ranging measurcinents
t () the Viking landers have been used to accurately
determine the ep hemer ides of Farth and Mars [e. g.
Stan dish and Williams, 1 990], determine t he niasses
of” three large asteroids through their influence on the
orbit. of” Mars [ Standish and Hellings, 1988], estinate
the 1N (D avameterized ost-Newtonian) parameta
gannna [ Reasenberg el al., 1 979h; Reasenbergal (1.,
1081 Hellings et al., 1 983; Shapiro, 1 990]and st a
limitona possible rate of change of the gravitational
constant. G[Hellings et al., 1 983). Pathfinder ranging
nmcasurcients will significantly iimprove estimates of
these parameters.

lIixperiment description

Therange p from alanderon Mars to the Farth is
PCliltC( to the orbit and orientation of Mars by

prd4 R, sindg+ IRy cosébgcosty (1)

where d is the distance from the center of Mars to
t he (wit @ of Barth, I is the lander distance from
the instantancous 1 otation axis, I, is the displace-
ment of the lander from the equatorial plane, 6, 1S
the declination of Farth as scen from Mars, and Hy
is the hour angle of Earth. The declination and hour
angle of Karth are given by

sindg = sinesin(Lg- )
Hy = ¢4 - 1y

Lq = LA arcsin(rg,sinS/d) (2)
d = (1?4 r¢% - 2rrg cos S)‘]?
cosS = Pty

wherecis the obliquity of Mars, 4 is the longitude
of t henode of Mars, 1. is the ecliptic longit ude of

Mars, @ is the rot ation angle of Ma rs about its spin
axis, Ap is the landerlongitude, 7 is the heliocentric
(list ance of Mais, rg, IS the heliocentric distance of
the Feaith, and S is t he angle between the sun-Mars
direction and the sun-Ilar th direetion  (The motion
of the Idarth tracking station due to Fartl rotation
is ignored; t his IS ver y accurately det eriined using,
othar data.)

Sensitivity to the divection of the Martian spin
axis, and the precession and nutat ion which change
this direction, comes mwainly through clhanges in the
cos 84 term modulating the amplit ude of the hour-
angle factor of Fqii. 1. | 2olar motion causes changes
in the lanider coor dinates with respect to the gpoin
axis, changing the lat it ude andlon gitude of the st a-
tion. With only one lander it is not possible to scp-
arate changes in long itude due to polar motion from
changes in the rotation rate. The determined quanti-
ties are variation in latitude, mainly evident through
cliariges in the spin radius which modulates the hour-
angle term of ¥gn. 1, and UT0, changes in instan-
t ancous lander longitude which appearag changes in
the hour-angle.

The Viking landers provided a series of range nica-
surements from July 197(; to Novemiber 1982, Most of
these measurements arce from Viking lander 1, since
Viking, lander 2 stopped transmitting, after September
1977, andmost of the tracking passes ywepe liinited to
a few ! ange measuwrements. Yhe Viking ranging mea-
surcinents were performed using a signal transimitted
from a tracking station transponded by the landa
and the round trip tiime mcasured. Farly analysis of
part of Viking data set was done to determine the di-
rection of t he spin axis and t he rotationrat e of Mars
but the precession rate was not mcasurable at a sig-
nificant level] Michael et al., 1 976; Mayoct d., 1 977,
Borderies et (1., 1 980]. Recently Yoder and Standish
11 996 have analyzed the full Viking lander data set
slid determ ined the pn ecession rate with uncertainty
of about 5%.

Range and 1)()] »pler mcasurements to the Mars
Pat hinder lander can contribute 1o est iimat s of the
rotational state of Mars. Within a single tracking pa ss
bot hrange and 1o ppler data cannecasurc a sinusoidal
siguature due to the diun nal rotation of Mars. ‘111
1 doppler data are typically able t () nicasuret his sig-
naturciui@rpaceurately than the yange measnrements,
depending on various parameters of the radio system.
The 1anging data provide t he ability to connectinfor-
mat ion ft o separat ¢ t racking pesses. The accuracy
of t he Pathfinder measu rements are expect Cd t o be
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“is piven by

v I, NR(- DIRG9 )
% 10, (- )Ry (X)) Ra(Yp)a (3)

whare X, and Y, describe the crust-fixed coordi-
of Mars’ spin axis; ¢ is the rotation about the
spin axis; T is the inclination of the (instantancous)
Mars equator to the (fixed) Mars mcan orbit plane
of 120005 9 is the longitude of the Mars spin axis in
the mean Mars orbital plane of J2000 measured with

nald

respect. Lo the intersection of Mars mean orbit. and
Barth-s mean equator of J2000; N and J transform
hetween the inertial Mars- mean-orbit system and the
Trarth-mean-cquator system of 32000 with J the incli-
nation of Mars mean orbital planc and Farth's mean
cquator and N is the angle between Farth’s equinox
and the intersection of Mars’ mean orbit and arthi-s
mean cquator of J2000.

Jor a rigid Mars, the changes in the direction of
Muars’ spin axis in inertial space due to torques from
the Sun and other solar system bodics are described

by scries expansions of the angles T and ;

.~ Qv B &C .. VU &e: A..CTA:,:L Q..:v

(4

o) = Yo Wl N "y sin{agt - 0.,.)

The trigonometric arguments in Jqn. 4 involves
multiples of the mean anomaly M and the angle
g 20 2w- 2¢) where €2 is the longitude of Ma
ascending node with respect 1o thie Farth mean eclip-
tic and w is the argument of periapsis. The rate of
change of M is the mean motion n while the rate of
change of ¢ is negligible. The amplitude cocflicients
L g\.: and ¥, arc functions of Mars’ orbital clemants
and principle moments of inertia. Ouly a small num-
bar of tenns is needed Lo deseribe the motion of Mars
pole at the milliaresecond level.

To model Mars as a fluid core and a rigid mantle,
the periodic motion of the spin axis is expre sed in
prograde aud retrograde terms

1., cos{cnt - 0,.) - isin(Jo)¥m sin(a,t -l 0,.)
oy exp - (gt A On) exp (ot A O (5)

The nominal prograde and retrograde cocflicients
P and 7y, are modified by the fluid core according,
to [Susao ct al., 1980)

J

(6)

where Cy is the polar moment of inertia of the
{luid core only, g is the free angular rotation rate of
the fluid core, 7y is the dynamic clasticity of the core-
snantle boundary, aud ¢y is an clastic correction for
the core-mantle boundary.

Istimation strategy

e Viking lander and simulated Mars Pathfinder
range were combined to determine Mars orbit and
rotation parameters. The complete list of estimated
parameters is given in Table 1. The direction of the
pole at a reference epoch, To and ¢ , were estimated
along with the polar moment. of inertia €, the core
moment factor I, and the fice core rolation rate og.
The core moment of inertia was initially constrained
to be known to within 7% of the nominal total mo-
ment of inertia based on the range of reasonable core
compositions. The other parameters were looscely con-
strained.

1'he rotation about the pole (U'11) was modcled as
an initial value, a rotation rate, and amnual, biannual,
and triannual in-phase and out-of-phase (sine and co-
sine) variations in U1, Mars polar motion was mod-
cled similarly. 1n addition a qnall random- walk vari-
ation in polar motion and UT1 was estimated with
a weekly increase in uncertainty of about 2.5 mas.
This weekly variation is about the level of variation
for UT1 seen on the Fartli; assuming the sane rota-
tional variability for Mars is probably conservative.

The initial polar motion angle and rotation angle
about the pole were fixed to nominal values; this de-
fined the Mars-fixed coordinate frame. The locations
of cachi lander were estimated with respect to this
frame. 1he amplitudes of the periodic variations in
polar motion and rotation about the pole were as-
signed independent a priori uncertainties of 17 corre-
sponding, to a displacement of 20 mn at the equator.
Data from onc lander determine only variation in lat-
itude and UT0. Because there is very little data from
Viking, lander 2, the Viking lander range data deter-
mine well only the variation in latitude and UT0 for
Viking lander 1. Mars Pathfinder will have sensitiv-
ity to the component of polar motion not detected in




the Viking Tander 1 range data. Therefore the peri-
odic variation in latitude and UT0 amplitudes were
estimated independently for the two data sets, 1f the
polar motion turns out to be small then it will be
possible to get inproved estimates of the (long-tern)
periodic rotation rate variations by treating the U'10
for the two missions as correlated.

Treating the Farth rotation and tracking station
locations as known defines the inertial coordinate sys-
ten Ju addition to the Mars rotation parameters,
orbital clanents for Barth and Mars were cstimated
with large a priori uncertainties expect for a con-
straint. on the orientation of the Earth’s orbit, which
is known with respect to the inertial extragalactic ra-
dio source frame with an accuracy of 10 mas through
comparison of Farth orientation measurement made
by lunar laser ranging and very-long bascline inter-
ferometry [Folloner ¢t al., 1993]. Orbit perturbations
due to asteroids were not included in this study; their
inclusion would tend to slightly degrade the expected
accuracies but this would be partly offset, by including
more data that determine the Earth and Mars orbits,
such as lunar laser ranging and ranging to Mars or-
biters.

Jovariance results

The Viking data were combined with a varying,
amount. of sitnulated data from Pathifinder to investi.
gate how the estimates of Mars rotation parameters
improved with the duration of the Pathfinder mission.
The paraincters of most interest are the polar mo-
ment of inertia and the periodic rotation amplitudes.
Figure 1 shows the expected formal uncertainty of
the moment of inertia as a function of mission life-
time. The uncertainty in moment of inertia at the
startof the Pathfinder mission is the formal unce-
taimty (fromn this study) as a result, of only the Viking,
lander data. The estimated uncertainty of the in-

phase anmual, biannual, and triannmual U'T0 variations
are showi as a function of mission lifetime in F ig. 2.
The uncertainties in the out-of-phiase components are
comparable. The UT0 amplitude uncertainties at the
start of the Pathfinder mission are the assumoed a pri-
ori levels since no correlation with the Viking rotation
variations are assumed. Figure 3 shows the uncer-
tainty in the periodic variation in latitude.

The results shown in these figures are formal un-
certaintics and are optimistic because some noisc
sources, such as asteroid perturbations and media
variations, have been ignored. However, the most, sig-
nificant. parameters have been included. Also i, may

be possible to hnprove the formal accuracy by opti-
niization of the data schedule and by including lander
Doppler data and data from the Mars Global Swr-
veyor orbiter. Furthermore it is probably pessimistic
to assume the Mars has random rotation variations as
large as those on Earth, as was assumed in this anal-
ysis. The addition of Doppler data, and the effect
of the random rotation variations, were investigated
for a Pathfinder mission lifetime of one Martian vear.
Table 2 gives the estimated rotation paramcter uncet-
taiuty using cither Doppler only, range only, or both
range and Doppler, with or without an assumed ran-
dom rotation rate variation. The Doppler data were
assumed to have a white frequency noise of 0.1 m /s
for 60 s sample time, which is characteristic of the
DSN X-band system performance. (The Doppler data
are more sensitive to Parth media effects, which have
been ignored.) It can be seen that the Doppler data
alone are comparable 1o the range in the ability to es
timate the Mars rotation parameters if Mars rotation
varies as randomly as the Farth. If Mars is assumed
to have no (or negligible) random rotation variation
then the Doppler data has some additional strength
to estimate the free core rotation rate and has some
sensitivity to the fluid core moment of inertia, as cv-
idenced by a slight reduction in the uncertainty of I
from the 0.07 a priori unce rtainty.

Conclusion

With an extended mission, tracking measurcment
of Mars Patlfinder, when comnbined with the Viking;
lander data set, should be able to determine the PO-
Jar inoment of inertia to better than 1% and to confi-
dently detect scasonal rotation variations with an ac-
uracy of about 15% yielding information about the
scasonal mass redistribution on a global scale. This
accuracy would be significantly intproved if the dura-
tion of cach transimission period could he lengthened,
cither by devoting more energy to cach transmission
or eycling the transponder on and ofl. A cainpaign in-
volving simultancous ranging to the Mars Global Sr-
veyor spacecraft, which reaches Mars soon after Patli-
finder, might lead to further improvements. Such a
prograu may also detect the presence of a fluid core,
cither through the effect it has on the short period
nutations, the tidal contribution to U0 [Yoder and
Standish, 199G], or on the tidal perturbation of the
Mars Global Surveyor spacecraft [Konopliv and Yo-
der, 1996].
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‘1’able 1. Fstimated parameters and uncertainties

Parameter a priori uncertainty
Total moment of inertia, C/M R? 0.5
Core moment factor, F' 0.07
Free core nutation rate 0o 1.5° /day
Obliquity at J2000 Jo 0.5
Pole longitude at J2000, Yo 0.5
Rotation rate 1°/day
UT1 annual in- phase anplitude "
UT7Tannual out-of-phase amplit ude 1w
U'T1 biannual in-phase amplitude 1
UT1 biannual out-of-phase amplitude v
UT1 triannual in-phase amplitude "
UT1 triannual out-of-phase amplitude 1
Polar motion annual in-phase amplitude 1”
Polar motion annual out-of-phase amiplitude !
Polar motion biannual in-phase amplitude 1
Polar motion biannual out-of-p hase amplitude 1”
Polar motion triannual in-phase amplitude 1
Polar motion triannual out-of-p hase amplitude 1”
| ;ander locations 1000k (each component)
Earth orbit orientation 1 0mas (each component)
Barth semimajor axis 0.1AU
EFarth eccentricity 01
Earth longitude of perhelion 1
Mars orbit orientation 1* (each comnponent)
Mars semimajor axis 0.1AU
Mars eccentricity 0.1
Mars longitude of perhelion 1"
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Table 2. Mars yotation parameter uncertainties for diflerent dat a and inodeling assunptions

Frarth-like random rotat ion No random rotation
Parametar Range Doppler Both Range Doppla Both
Tot al momemt. of inertia, C/M 122 0.00312 0.()[1328 (.00281 0.003()6 0.0)()223 0-00199
Core 1110111 (112, factor, ! 0.0689 0.0665H 0.0659 0.0688 0.00615 0.0505
19 ec cor e nutation rate og(deg/day) 0.663 0.230 0.226 0.634 0.128 0.125
UTT anmal in-phase (inas) 38 28 27 27 8 8
U1 bianimal in-phase (mas) 48 37 37 45 26 25
UTT triannmual in-phase (1 nas) 50 21 20 46 i 7
Polar motion annual in-phase (1mas) 76 37 36 61 7 1
Polar motion biannual in-phase (1nas) 101 47 42 96 17 16
Polar motion triannual in-phase (mas) 80 41 37 74 17 16
11



